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Introduc t ion.

Ultrafiltration is a membrane process capable of separating macro—

molecular species (l0
_6 

- io_2 
~n in diameter) from solvent at high flux

rate (2—10 cc/cm2 hr.) by applying moderate pressure (10—100 psig),

(Messinger, l974.4:~). These characteristics make it a candidate process

for sewage treatment, which has been investigated by Schatzberg, et al,

l973,~
2
~ Harris, et al (1976),~~~ and Harris, et al, 1977.~~~ The

main imped iment to raw sewage ultrafiltration lies in the serious fouling

of the membrane which decreases the permeate flux within a short period

of operation.

Fouling of the membrane has been identified as the result of the

gelling of aacroaolecular , or colloidal solutes in the membrane surface

when the solutes are being concentrated by the concentration polarization

process during ultrafiltration. Research on this phenomenon includes

those by Brown, ec al, l97l,~~~ Koainski, et al , l972,(6) and Blatt,

et al, 1970.~~~

The concentration levels at which solutes begin to gel differ widely.

For example, protein solution tends to gel at 25 ~. 45 wt.Z, while that for

polysaccharides gel at below 1 wt.%. (Blatt , et al, l970)~~
’ Raw sewage solids

are reported to contain 40 ~s 60 wt.2 protein, 20 ‘t. 50 wt.Z carbohydrate.,

and 10 wt.X of oils and fats (Metcalf and Eddy, Inc., 1972).~~~ The

complexity of its composition makes the required method or device of

removal or reduction of the gel-layer difficult.

One of the methods developed to remove the gel layer is by a fluid

management technique. 3y this method, the back diffusive transport of

solutes is increased so that the steady state permeate flux would stay

LI
_ _ _ _

___ 
_ _ _  _ _ _
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higher and the build—up of the gel layer lower (Blatt , ~~~al , l910).’~~
One example is the design of a thin—channel , ultrafiltration module, which

consists of passing the process stream through narrow channels of membrane

(10—30 mils) at high velocities (5—25 ft/sec) (Porter, l973).~~~

Ebner , et al , 1976~’°~ reported a different method. By carefully

creating a hydrodynamic drag force on the solute particles greater than

the sliding friction force exerted by the membrane boundary , the concentra-

tion polarization can be counteracted . Filter aids can be added to mag-

nify this effect.

Another approach is to i aobil ize enzymes on the membrane to hydrolyze

the gel layer , thereby reducing the overall resistance to permeate flux .

Dejmek , l972 ,(1~~ bound trypsin to cellulose acetate to form a proteolytic

active membrane , but no increases in permeate flux were found when the

said membrane was used in ultrafiltration of proteinaceous solution.. On

the other hand, Velincangil and Howell, 1978,112) immobilized papain on an

A~nicon membrane. Using the immobilized papain—membrane to concentrate

cheddar cheese whey, they obtained a 20% improvement in flux relative to

the control after 78 hours of operation . A more remarkable improvement

in flux was achieved by Gillespie , l978. (1 3) P1n industrial grade protease

was immobilized on a non—cellulosic tubular membrane (Abcor Inc., HFM)

by a vacuum adsorption method. By filtering a non-fat dry milk solution

with the ii~~obilized enzyme membrane, flux enhancement of 93% over a

period of 240 hours was observed.

Basically, the content of this paper Is a continuation of Gillespie’s

work extended to the more complex raw sewage case and use of more sophisti-

cated multi—enzymes, immobilized membrane systems.
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MATERIALS AND ~~THOD

I. Ult rafi l trat ion System.

Figure 1 is a sketch of the ultrafi l tration unit in which raw sewage

solution in the reservoir is circulating at 114 i/mm through a tubular

(152 cm x 2.54 cm~)(5’x1”~) non—cellulosic membrane (HPM—251-FN—0),

obtained from Abcor, Inc., Wilmington, Massachusetts, with a molecular

weight cutoff of 20,000. The system was operated at 50°C with a pressure

drop of 276 kPag (40 psig) across the membrane . Both the circulating and

the permeate streams are returned to the reservoir to approximate a total

recycle mode. Permeate fluxes were compared between control (without

enzyme) and prototype (with t~~~bilized enzyme membrane) run..

II. Standardization of Sewage Solution.

It is expected that the larger particles in sewage solutions are more

susceptible to hydraulic drag , and hence, are less likely to be incor-

porated into the growing gel—layer . Therefore, sewage samples were stan-

dardized before use by removing large particles through centrifuging at

8000 rpm for 20 minutes. The collected supernatant sewage solution,

referred to as soluble sewage solution , was used for control and prototype

runs.

III. Initial Enzyme Screening Tests.

The ability of an enzyme to digest a gel—layer on a membrane was

tested by a dIrect addition of the enzyme (10 grams) to be tested to the

sewage solution in the reservoir (20 gallon) during a control run.
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Enhancement of permeate flux following the additon indicates the ability

of the enzyme to reduce the gel—layer thickness as a consequence of its

hyd rolytic ac tiv i ty .

IV. Enzyme Immobilization.

Because of the incompatibility of optimum pH’ s of the enzymes to be

used, membrane prototype I was obtained by sequential ii~~ bilization of

th ree enzymes , whi le membrane prototype TI was obtained by simultaneous

immobilization of two enzymes. In preparing membrane prototype I,

35.5 grams of Rhozyme~~~ ci and 54.5 grams of Rhozyme~~ HP—iSO were cen-

trifuged, mixed , diluted to 1500 cc, and adjusted to pH 5.0 by adding a

dilute hydrochloric acid solution (0.1N). This solution was then drawn

into the membrane tube chamber, which has been subjected to a vacuum of

25.6 in,Hg for one hour. The membrane was left soaking in the enzyme

solution for one day , and then rinsed woth water. Onto this membrane,

60 grams of Alcalase in 1500 cc of water (pH 7.23) was immobilized follow-

ing the same vacuum—sorption technique.

In preparing membrane prototype II, 300 ml of Rhozyme~
0 liquid pro—

tease #64 and 150 grams of Rhozyme~~ HP—ISO were mixed, centrifuged,

and adjusted to pH 4.5. The caine vacuum—sorption technique was followed

and the two enzymes were simultaneously immobilized.
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_ _ _ _ _  IRESULTS AND DISCUSSION

Permeate flux data for control runs with 0.1% raw sewage solution,

0.1% insoluble sewage solution , and 0.1% and 0.03% soluble sewage solu-

tions are plotted in Figure 2. The permeate flux—time curves shows that

permeate flux decreases with increase in soluble sewage content in the

solution, while insoluble sewage does not have the same effect as the

soluble sewage at the same concentration level. These results suggest

that the gel—layer is mainly composed of the soluble sewage.

An enzyme i. identified as active toward the gel—layer if the direct

addition of it into an operating ultrafiltration systems causes an increase

in permeate Jiux. Table 1 lists the enzymes tested and the result of their

activities toward sewage gel—layer. The response of the permeate flux after

the addition of an active enzyme follows a pattern of rising and falling

back to the original level during the screening test. Figure 3 illustrates

this rising and falling effect. This effect is further investigated by

adding one part of an enzyme mixture into the ultrafiltration system and

saving another part of it for a second add~tion. While the first addition

of the enzyme mixture gave the rising and falling of permeate fluz, the

second addition of the same enzyme mixture did not, as shown in Figure 4.

One explanation of it is that enzymes are specific to substrate.. First

addit ion of an enzyme may clear away all the substrate and leave the system

• substrate free and, therefore, inert to the second addition of the same

• enzyme.

Flux enhancement in prototypes I and II over control is shown in

Figure. 5 and 6. Time averaged permeate flux improvements are listed

in Table 2. White direct addition of enzyme into the ultrafiltration

-

~

-

~

- .~~~~~~~- --•~~~~-~~~~~- -~- --••• - •~---~~~~-~~~~~~~~ ~~~
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system provides the breakdown of the gel—layer at the circulating •tre~~

side , immobilized enzyme would att.~ick the gel—layer from the membrane side.

Our experience with ultrafiltration of non—fat dry milk solution in a

protease immobilized membrane system showed a 90% increase in f lux for the

first 50 hours of operation (Gillespie, 1978)~
U3) By contrast, results

on the ultrafiltration of soluble sewage solution only showed a 12% increase

in f lu x when the prototype was compared to the control for the same time

period of operation .

Since sewage is a much more complex substrate than NFDM solution, it

is believed that with the proper selection and blending of enzymes to be

i~~~bilized on the ultrafiltration membrane, a better result can be expected.

Although eight different enzymes were screened in this study, more screen-

ing tests on different sources of enzymes are still needed to achieve an

optimal performance. The results of this study definitely establish the

scientific basis on which to justify the continued search for process

improvement through better enzyme selection.
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MATHEMATICAL MODELING AND PMAMETER IDENTIFICATION

I. Membrane Permeabil i ty .

Acco rding to H ia t t , et al . l97O ,~~~ the transpo rt of solvent across

• a membrane with molecular weight cut—off of 500,or above, can be approxi-

mated as a viscous flow through micropores in the membrane; !.e.,

(l)

where .1 — Permeate flux of solvent

— Hydraulic pressure drop across membrane, with or without enzyme

i~~~bilized.

Rn Hydraulic resistance of membrane, with or without enzyme immobilized.

II. Gel—layer Permeability:

The growing gel—layer is assumed to be of uniform density or

concentration, C~, and hydraulic permeability. Solvent flux across the

gel—layer is also approximated as a viscous flow through micropores:

(2)
C

where APc — Hydraulic pressure drop across the gel—layer

• Specific hydraulic resistance of the gel—layer

• Thickness of the gel—layer

til. Mass Transfer Through a Diffusive Layer:

A material balance over a control volume in the diffusive layer

(Figure 7) gives the following differential equation for the solute:

_ • •

~

•

~

•

~

•

~ 

_ _ _ _ _ _ _
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~
— (D?-}_ [(J + N’) • c ) •~~ (3)

where N ’ — Volumetric tiow ot solute

D • Apparent diffusivity of solute

C — Solute concentration

Since in ultrafiltration , N’ is far less than J, (.1 + N) is approximated

by J. Furtherm re, by assuming quasi—stead y state , or • 0, equation

(3) is integrated once to obtain:

J~~~C — D ~~~~— N (4)

where N • Solute flow in the diffusive layer

Equat ion (4) ,  together with the boundary condition. is int.grat d:

C . C ~
r 8  C — C e (6)

where C~ • Solute concentration in bulk flow

• C~ • Solute concentration in the gel-layer

e — Thickness of the diffusive layer

Thus, N can be solved in terms of 8, D, C5, C~
, and .1 as:

N J ~~ cG(~
!
~~~e

D 
~~~~~~~~~~~~~ 

J) (7)

IV. Growth of the gel—layer:

The gel—layer is thickened by the solute transported from the

- - ~~~~~~~~~~~~~~~~ --• • - -~~~~~~~ -—~•••••
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diffusi v e layer and diminished by the solute digested away by th. immobi-

lized enzyme . The ettective rate of gel-layer digestion is given by a

zero—order reaction k.netic approximation to the tlichelia—Meaten rate law

with an exponential t ime decay factor. Therefore,

- N - 

_K
2t) (8)

where 6 — Thickness ot the gel-layer

— Zero order rate constant of ‘he immobilized enzyme

K2 — First—order decay constant of the immobilized enzyme

J. Transient Pt~del of the System.

Equations (1) and (2) represent proce~sea whose resistanc es ar t in

series. Hence , they can be combined to give

(9)Rn + K0

wher e £P • + 
~~G’ 

the total pressure drop

Equations (7), ( 8 ) ,  and (9) give the complete model which describe.

the transien t behavior of the permeate flux and the growth of the gel—Layer

during steady recycle operation of the ultrafiltration system. Ry combin-

ing equations (7) ~ (9), a relationship for permeate flux, i is obtained

in terms of the parameters of the ultrafiltration system :

?NI3 PAG.E iS 31ST QUALITY ?RAC?1C*J~LZY&~ &O’FY Y~VIalsH.~ DO

-— ~j  •—•• •--•~— .- -~

- ---- ~~~~~~~~---
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{ 
~~~~~ 3),

~~~ 
~~e
+ 
J)]4e

K2
t}lO)

with an initial condition of ~ - 0 , i - 4~, and K1 - 0 for the control

case.

VI. Steady State Permeate F1uz~

At steady state, — 0, equation (10) can be solved for the permeate

flux, J , for the control case (K • 0 ) :
55 1

C
j  —~~~ln --~ (11)
as e

Equation (11) is exactly the same as that given by Blatt , et al ,

VII. Parameter Identification:

The optimal values of the unknown parameters in the model were

obtained by using a Marquardt algorithm and a Fourth—Order Runge—tutt*

integration for equation (10). The objective function is

Mm E(J model — J exp.)2 (12)
i i i

An initial estimate of is obtained from the following equation given

by Porter (l973~~~
0.8 0.67

~~- O 2  (U) (D) (13)
(4) ( )

where U — flow velocity v — kinematic viscosity of solvent

d — hydraulic diameter D — d i f f u s i v i t y  of solute

TtU S k A ~’~ I S ~1.. 1 ~~ kL 11i

_ _  _ _  _ - •~~~• • •~~~~~•• 
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A physically realistic di f f us iv i ty  of sewage solute is tak.n to be

-7 2 D1.0 x 10 cm /sec . The correspond ing value of -

~~~ 

from equation (13)

is thus calculated to be 1.8 cm/hr .

It is noted that CG and -
~~ are correlated , as indicated in

equation (11). These constraints are used to aid in establishing proper

initial values for C~ and during the parameter estimation routine.

Table (3) lists the parameters computed from the )Iarquardt algorithm

after exhaustive iteration. Figure 8 illustrates a good agr.mm.nt

between the observed exper imental data and the .iaulatod values.

Gel—layer Thickness under Scanning Electron Microscope.

In previous experimental work performed by Gillespie , 1978 ,~~~~

on the ultrafilt r atio n of non—fat dry milk in our laboratory, it was

demonstrated tha t Rhozyae~~ p—~~ was effective in permea t. flux enhance-

ment. Data from that work were simulated by the abov, described mmdcl

and algorithm . The parameters are listed in Table 3 and simulated curves

plotted in Figure 9. The calculated gel—layer thickness after 30 hours

of operation for the control run is 4OO~.i. Such a gel—layer thickness

corresponds to a permeate flux of 2.66 cm3/cm2 hr. under a 276 kPag(40

psi;) driving force . To check the validity of th. calculated gel—layer

thickness , a direct measurement of it was carried out by taking pictures

of gel—layer sample. under a Scanning Electron Microsco pe . The s ples

were prepared by using membranes fitted into an Amicon OLa f 10(E unit

Ojodal 402) with 0.1 vt .2 solution of non—fat dry milk under a pressure

of 276 kPsg (40 psi;) . As permeate flux came down to 1.4 c113/ca2 hr. ,

the op.r ati.n was terminated and the membrane was taken out , rinsed,

~H 1S ~~~ ~~~u T Q J AL I Ty  Pi3ACTIO,LgI,g
V DO

-

~

- ~~~• - ~~— - •~~~~~~~~~~~~ -~~~~~~~~~ - •— --— --- -—--~~~~~~~~~~~ - - -- • -—~~~~~~~~--- --—-- ~~~- •-
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and air dried. This dried gel—layer , under a Scanning Electron Microscope ,

was measured to be around lOOu in thicknes~, 
0 

Eearing in mind

that the gel—layer shrinks after drying, the authors believe that the

calculated thickness is in the r ight  order of magnitude. This conclusion

lends confidence to the method used to estimate the parameters from the

proposed model .

A sample of dried gel layer of sewage on a tubular membran. was

also observed under a Scanning Electron Mi croscope, and the th ickniss of

it was estima t ed to be 40 ~ 50~ The sample was obtained

from Naval Ship Research and Development Center, Annapolis, Maryland ,

using a similar prototype system.

I

f 
-
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TABLE 1

E~~y!nes used in screeing test

a
Enzyme Name Lot No. Source Test Result

Pectinol k— b 3—2437 Rhom & Haas —

Liquid Protease 64 3-29016 Rhom & Haas +

Alcalase M2—3207 Novo Lab. +

Cellulase 13C-95l0 Sigma —

Rhozyae HP- i SO 3-0007 Rhom & Haas +

Pect inol 60 C 3—32077 Rhom & Haa s —

Rhozyme P— 5 3 3— 23 5 8 Rhots & Haa a +

Rho zyme CL Rhom 6 Haa . +

a
Trade Name
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TABLE 2

Flux I mprove ment b~ jnuobLijzed ~~~y~ie on Membrane

Time Period (hi ) Control I Prototype I~ t~provea.nt (12)

0—5 4.4 5.4 21

0—10 4.2 5.0 19

0—15 4.1 4.7 16

0—50 4 .0 4.4 12

p

Time Period (he) Control 11* Prototype 11* Improvement (2)

0_ S 4 .7  5.4 14

0—10 4.5 5.0 12

0—13 4.3 4.8 11

*time averaged flux in c .c./ c52 hr.

-~~~~~ ~rn -~~-~~~ ~~~~~~~~~~~
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— TABLE 3

Parameters for Sewage and NFDM Ultrafiltration Systems

Sewage NFCN

CG (ga/cm 3
) 0.118 0.313

(hr/c.) 1.43 1.90

Kc (psi—hr/c .2) 175.4 261.0

I
(cm ) 0.056 0.04

K1 
(c./hr) 0.0034 0.0066

K 2 (hr~~ ) 0.027 0.0072

t1/2
**(hr) 26.0 93.4

*Gel—Layer thickness for control runs after  47 hours for sewage

and 30 hours for NFDM .

SI
Apparent half lif, of the enzyme i~~~bilized on membrane .

_ 
-~~~~~~~~~- 0--
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NOTATION

C • solute concentration , gm/cm 3

CB 
— solute concentrat ion in bulk f low , gm/cm

C~ 
— solute concentration in gel—layer , gin/cm 3

D — apparent d i f f u s i v i t y  of solute, cm2/hr

d — hydraulic diameter , cm

J • flux of solvent , c.c./ca hr.

steady state permeate flux, c.c./cm2hr.

• specific hydraulic resistance of the gel—layer , psi—hr/cm2

K] — zero order rate constant of the temobilized enzyme, gm/ca2hr.

K2 
— f irst  order decay constant of the temobilized enzyme, hr ’1 .

N — solute flow in diffusive layer, gm/cm hr.

N’ — volumetric flow of solute, c.c./ca2hr.

P — total pressure drop , psi;.

— pressure drop across gel—layer , psig.

— pressure drop across membrane, psi;.

Ro — Hydraulic resistance of .abrane , psi—hr/cm.

r • distance perpendicular to membrane , cm.

U — bul k flow velocity of circulating stream , cm/sec.

0 • thickness of diffusive layer , cm.

6 — thickness of gel—layer , cm.

v — kinematic viscosity of solvent, cm2/sec . 

--~~~~~~~ —0 ”~~~~ _ _ _
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CONCLUS IONS

(1) As shown by the 12% increase in flux for the prototype system over

the control , and consider ing the cost of enzyme s used (estimated to be

ten dollars for one Imeobilization procedure), it is a definite process

advantage to use timsubilized enzymes in ul t raf i l t rat ion applications.

The high performance of iemobilized protease in ultrafiltration of non—

f at dry milk as compared to that of the multiple i~~~biltzed enzymes

presented in this stud y ind icated that the proper selection of enzymes

and optimum blending of them would allow improvements on the performance

of an enzyme—ultrafiltration system f or f i l tering complex substrates

such as sewage solution .

(2) ExperiMntal measurements of the gel—layer thicknesses, using a

scanning electron microscope , have produced results which correlate well

wi th those predicted from simulated results using estimation theory and

a dynamic transient flux mudel. This rather fortuitous finding lends

real encouragement to the method used to estimate system par~~~ ters tie. 0

observed data for the proposed model .
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Fi gure 1. Schemat ic  Dia gram of the Pro to type  U l t r a f i l t r a t io n  System.

Figure  2. The e f f e c t  of subs t ra te  c o n c e n t r a t i o n s  on the p erme .ite  r a t es

of ultrafiltration .

Fi gure 3. Screening of po ten t ia l  enzymes for the enhancement of

u l t r a f i l t r a t i o n  ra tes .

Figure 4. Permeate fl ux responses to t~o additions of one enzyme

mixture.

Figure 5. The effect of iru~iobi1ized enzymes on the permeate flux rate

of u l t r a f i l t r a t i o n  of prototype I.

Figure 6. The effect of immobilized enzymes on the permeate flux rate

of u l t r a f i l t r a t i o n  of prototype II.

Figure 7. Boundary layers of u l t ra f i l t ra t ion  showin concentration and

pres sure changes along the direction of permeate flux.

Figure 8. Experimental data and simulated curves of sewage ultraf ii—

tration.

Figure 9. Experimental data and simulated curves of the non—fat dry

milk ultrafiltration.
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Figure 7. Boundary layers of ultrafiltration showing
concentration and pressure changes along the
di rection of permeate flux.
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